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ABSTRACT 

A program was conducted t o  e v a l u a t e  m a t e r i a l s  which could be used as 

l u b r i c a n t s  in  a n t i - f r i c t i o n  bear ings  o p e r a t i n g  i n  a l i q u i d  hydrogen en- 

vironment a t  DN va lues  from 2 x 10 t o  4 x 10 rmn-rpm. Even though no 6 6 

t es t s  were conducted i n  a nuc lea r  r a d i a t i o n  f i e l d ,  c o n s i d e r a t i o n  was  

g iven  t o  such an environment i n  t h e  s e l e c t i o n  of some of t h e  cand ida te  

materials.  The program descr ibed  h e r e i n  r e s u l t e d  i n  t h e  d iscovery  of a 

m a t e r i a l  which provides  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  p o s s i b l e  bea r ing  

l i f e  when opera t ing  under t h e  above c o n d i t i o n s .  

vi 
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INTRO DUCT1 ON 

The t e c h n i c a l  miss ion  of t h i s  program i s  two-fold:  (1) Develop, t es t  

and e v a l u a t e  l u b r i c a t i n g  methods for bear ings  o p e r a t i n g  i n  l i q u i d  hydrogen 

a t  e q u i v a l e n t  DN va lues  from 2 x lo6 t o  4 x 10 

product  of bear ing  bore i n  mi l l imeters  and s h a f t  speed i n  r e v o l u t i o n s  p e r  

minute)  and ( 2 )  develop d a t a  of design s i g n i f i c a n c e  which i l l u s t r a t e  t h e  

r e l a t i o n s h i p  of  bear ing  performan-e (such as r o t a t i o n a l  speed and load)  f o r  

s p e c i f i c  l u b r i c a t i n g  methods employed on bear ings  o p e r a t i n g  i n  l i q u i d  hy- 

drogen a t  equ iva len t  DN va lues  from 2 x lo6 t o  4 x 10 

6 mm-rpm (DN value i s  t h e  

6 mm-rpm. 

These goa l s  were pursued i n  four s e p a r a t e  but  i n t e r - r e l a t e d  work t a s k s ,  

They were : 

1. Development o f  Test Apparatus 

Th i s  work t a s k  inc luded  t h e  modi f ica t ion  and t e s t i n g  of  an e x i s t i n g  t es t  

appa ra tus  f o r  t h e  s imula t ion  o f  condi t ions  compat ib le  wi th  b a l l  bear ing  en- 

vironments  t h a t  e x i s t  i n  l i q u i d  hydrogen r o c k e t  eng ine  turbomachinery.  The 

t e s t  appa ra tus  was r e q u i r e d  t o  eva lua te  l u b r i c a n t s  a t  e q u i v a l e n t  DN va lues  

of  2 x 10 t o  4 x 10 mm-rpm while t h e  t es t  specimens w e r e  completely sub- 

merged i n  l i q u i d  hydrogen and subjec ted  t o  Her t z i an  stresses encountered i n  

a c t u a l  turbopump bear ings .  

6 6 

2 .  S e l e c t i o n  and Tests of Standard Lubr icant  Materials 

The purpose o f  t h i s  t a s k  w a s  t o  select  a l u b r i c a n t  which i s  p r e s e n t l y  

employed i n  a l i q u i d  hydrogen a p p l i c a t i o n  and conduct b a s e l i n e  t e s t s  wi th  

t h i s  l u b r i c a n t ,  t h e  r e s u l t s  o f  which can be used f o r  comparison t o  the r e s u l t s  

of  subsequenc candidai t :  ~ U a t e r l a ? ~  t e s t s .  

3 .  S e l e c t i o n  o f  Candidate  Lubricants  

Concurren t ly  wi th  t h e  modi f ica t ion  of  t h e  t e s t  appa ra tus ,  a l i t e r a t u r e  

s e a r c h  w a s  conducted t o  g a t h e r  information on l u b r i c a n t s  and l u b r i c a t i n g  

I- 1 
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systems which would most l i k e l y  b e  s u c c e s s f u l  when s u b j e c t e d  t o  t h e  s p e c i f i e d  

t e s t  cond i t ions .  Cons ide ra t ion  w a s  a l s o  g iven  throughout t h e  s tudy  t o  materials 

having r e s i s t a n c e  t o  n u c l e a r  r a d i a t i o n .  

4 .  Experimental Eva lua t ion  of Candidate Lubr icant  

This  t a sk  inc luded  t e s t s  of  t h e  s e l e c t e d  c a n d i d a t e  materials. Each spec i -  

mm-rpm and 6 men was subjec ted  t o  two tes ts  a t  an  e q u i v a l e n t  DN va lue  o f  2 x 10 

t o  t h e  same environment and loads  used i n  t h e  s t anda rd  m a t e r i a l  i n  t h e  low 

DN t es t s .  

a t  t h e  low DN t e s t s ,  t h e  cand ida te  would then  be t e s t e d  a t  a h ighe r  DN va lue .  

The resul ts  of t h i s  program have shown t h a t  b a l l  bea r ings  us ing  A I S 1  440C 

I f  t h e  material 's performance w a s  comparable t o  t h e  s t anda rd  material 

b a l l s  and p l a t e s  and Salox M ( b r o n z e - f i l l e d  p o l y t e t r a  f l u o r e t h y l e n e )  r e t a i n e r s  

could  b e  expected t o  o p e r a t e  s a t i s f a c t o r i l y  f o r  more than  10 hour s  i n  l i q u i d  

hydrogen a t  DN va lues  up t o  4 x 10 mm-rpm. It i s  i n t e r e s t i n g  t o  no te  t h a t  

r e c e n t  experience gained wi th  an RLlO engine  bea r ing  s t r e n g t h e n s  t h i s  con- 

c l u s i o n  where a 35-mi l l imeter  b a l l  bea r ing ,  u s ing  Sa lox  M r e t a i n e r s ,  has  been 

t e s t e d  under t h e  fo l lowing  cond i t ions .  

6 

Speed Load T i m e  

30 , 000 600 l b  t h r u s t  1 2  hour s  

12,000 150 l b  t h r u s t  7 5 hours  

T o t a l  T ime  87 hours  
500 lb r a d i a l  

In spec t ion  o f  t h e  bea r ing  a f t e r  t h e  above tes t  schedule  showed t h e  bea r ing  

t o  be i n  e x c e l l e n t  cond i t ion  and t h e  bea r ing  has  been r e i n s t a l l e d  i n  t h e  

t e s t  apparatus f o r  f u r t h e r  endurance running .  It should  be po in ted  out  t h a t  

t h e  Her t z i an  s t r e s s e s  i n  t h e  above test c o n d i t i o n s  a r e  approximate ly  180,000 p s i  

and t h e  s p i n / r o l l  r a t i o s  a r e  approximately .15, which are no t  as s t r i c t  as t h e  

t e s t  condi t ions  imposed on t h e  cand ida te  materials used i n  t h e  exper imenta l  phases  

o f  t h i s  program. 
I- 2 
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SECTION I1 
TEST APPARATUS 

Almost everyone subsc r ibes  t o  t h e  f a c t  t h a t  a t r u e  e v a l u a t i o n  o f  a 

bea r ing  l u b r i c a n t  cannot be achieved by t e s t i n g  a c t u a l  bea r ings .  There 

are many i n t e r a c t i o n s  a s s o c i a t e d  with an o p e r a t i n g  b e a r i n g  which can 

a f f e c t  t h e  l i f e  of  t h e b e a r i n g  but which have no th ing  whatsoever t o  do 

wi th  t h e  l u b r i c a t i o n  p rocess .  A simple example invo lves  t h e  s t r u c t u r a l  

problems wi th  a r o t a t i n g  r e t a i n e r .  Of cour se ,  l u b r i c a n t s  developed and 

e v a l u a t e d  i n  s imula t ing  dev ices  should, i n  t h e  f i n a l  s t a g e ,  be t e s t e d  i n  

a c t u a l  b a l l  b e a r i n g s ;  bu t  t h e  t e s t  a p p a r a t u s  used t o  i n i t i a l l y  select t h e  

most e f f e c t i v e  l u b r i c a n t s  should e l i m i n a t e  as many ex t r aneous  e f f e c t s  as 

p o s s i b l e .  

An e x i s t i n g  test  a p p a r a t u s ,  which has  been used i n  s imilar  programs 

a t  P r a t t  & Whitney A i r c r a f t  over t h e  p a s t  s e v e r a l  y e a r s ,  w a s  modi f ied  t o  

permi t  c ryogenic  t e s t i n g  and u t i l i z e d  i n  t h i s  t es t  program. It was 

s p e c i f i c a l l y  des igned  t o  s imula te  v a r i o u s  l e v e l s  of  Her t z i an  s t ress  ( con tac t  

s t ress) ,  s l i p  i n  t h e  c o n t a c t  zone, and b a l l  r o t a t i o n a l  v e l o c i t y  i n  a re- 

t a i n e r  pocket.  I n  s i m u l a t i n g  the above parameters ,  t h i s  t e s t  a p p a r a t u s  i s  

des igned  c o n s i s t e n t  w i th  a theory of f a i l u r e  t h a t  i n  g e n e r a l  terms s t a t e s  

t h e  p r i n c i p a l  causes  of  s u r f a c e  f a t i g u e  t o  be (1) l e v e l  o f  H e r t z i a n  stress 

i n  t h e  c o n t a c t  zone and (2) s l i p  i n  t h e  c o n t a c t  zone. The s l i p  i n  t h e  

c o n t a c t  zone causes  s u r f a c e  damage which r educes  t h e  f a t i g u e  s t r e n g t h  o f  

t h e  material and t h e r e f o r e  reduces t h e  l i f e  of  t h e  s u r f a c e  f o r  a g iven  

l e v e l  o f  c o n t a c t  s t r e s s .  The purpose of t h e  l u b r i c a n t  i s  t h e r e f o r e  t o  re- 

duce t h e  amount of s u r f a c e  damage caused by t h e  s l i p  i n  t h e  c o n t a c t  zone. 

The optimum l u b r i c a n t  would, of cour se ,  e l i m i n a t e  t h e  damage comple te ly  

and t h e  s u r f a c e  would f a i l  a t  a l i f e  e q u a l  t o  i t s  pure  r o l l i n g  c o n t a c t  

11- 1 
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endurance l i f e .  Th i s  t heo ry  of  f a i l u r e  i s  desc r ibed  more f u l l y  i n  a 

l a t e r  s e c t i o n  of t h i s  r e p o r t .  

The e x i s t i n g  b a l l - p l a t e  t e s t  a p p a r a t u s ,  as shown i n  f i g u r e  11-1 and 

11-2 ,  was developed s e v e r a l  y e a r s  ago t o  de te rmine  s p e c i f i c  bea r ing  oper- 

a t i n g  l i m i t a t i o n s  r e l a t e d  t o  l u b r i c a n t s  and bea r ing  steels. I n  g e n e r a l ,  

t h i s  u n i t  e l imina te s  t h e  use of  t e s t  bea r ings  i n  t h e  i n i t i a l  s c reen ing  

phase where t h e  important f a c t o r  i s  t o  e v a l u a t e  l u b r i c a n t s  and o t h e r  bear- 

i n g  m a t e r i a l s  without t h e  confounding e f f e c t  o f  ex t r aneous  b e a r i n g  para-  

meters. 

it a l s o  e l imina te s  t h e  c o s t  o f  s p e c i a l  t e s t  bea r ings  and apprec iab ly  re- 

duces t h e  p a r t s  procurement t i m e .  T h i s  test  appa ra tus  can be cons ide red  

as a fundamental e v a l u a t i o n  t o o l  making p o s s i b l e  a tes t  t echn ique  a k i n  

t o  t e n s i l e  t e s t i n g  of m e t a l s ,  whereby m a t e r i a l  p r o p e r t i e s  are e v a l u a t e d  

p r i o r  t o  f a b r i c a t i o n  of an o p e r a t i o n a l  p a r t .  

I n  a d d i t i o n  t o  p rov id ing  a more accurate e v a l u a t i o n  of  a l u b r i c a n t ,  

A ske tch  of t h e  e x i s t i n g  b a l l - p l a t e  tes t  appa ra tus  i s  shown i n  f i g u r e  

11-3. The two tes t  p l a t e s  and b a l l s  are l o c a t e d  i n  a s e p a r a t e  housing i n  

t h e  c e n t e r  of t h e  assembly. 

On e i t h e r  s i d e  o f  t h e  c e n t e r  hous ing ,  t h e  s h a f t s  t h a t  c a r r y  t h e  t e s t  

p l a t e s  are supported by o i l - l u b r i c a t e d  r o l l i n g  element bea r ings .  The 

test  p l a t e s  are c o u n t e r - r o t a t i n g  and are each  d r i v e n  by an  e l e c t r i c  motor. 

The b e a r i n g  load i s  a p p l i e d  by p l a c i n g  dead weights  on t h e  end of  t h e  

l e v e r  arm, which i s  a t t a c h e d  t o  t h e  l e f t  s h a f t  suppor t  assembly. Th i s  

assembly i s  f r ee  t o  s l i d e  a x i a l l y ;  thereby  t r a n s m i t t i n g  t h r u s t  d i r e c t l y  t o  

t h e  r o t a t i n g  plate.  

i s  a l s o  shown i n  f i g u r e  11-3. 

An expanded view of t h e  t es t  p l a t e s ,  b a l l s  and r e t a i n e r s  

1 1 - 2  
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S ince  t h e  p la tes  r o t a t e  i n  the  o p p o s i t e  d i r e c t i o n  a t  approximate ly  

t h e  same speed, t h e  r e t a i n e r  r o t a t e s  ve ry  slowly and s e r v e s  on ly  t o  pre-  

vent  t h e  b a l l s  from changing t h e i r  angu la r  o r i e n t a t i o n .  T h i s  arrangement 

a l s o  means t h a t  r e l a t i v e l y  low speed d r i v e s  can be used t o  o b t a i n  tes ts  

a t  h igh  e q u i v a l e n t  DN va lues .  

F a t i g u e  f a i l u r e s  are ind ica t ed  by an acce le romete r ,  which i s  l o c a t e d  

on t h e  load ing  l e v e r  and i n d i c a t e s  a c c e l e r a t i o n  i n  t h e  ax ia l  d i r e c t i o n .  

Th i s  technique  has  proved h igh ly  s u c c e s s f u l  and s m a l l  changes i n  t h e  su r -  

f ace  of  a b a l l  o r  race are e a s i l y  d e t e c t e d .  The m i l l i v o l t  ou tpu t  of  t h e  

acce le romete r  i s  fed  i n t o  an automatic a b o r t  system and s h u t s  o f f  t h e  d r i v e  

power when t h e  ou tpu t  reaches  a predetermined va lue .  

R e f e r r i n g  t o  f i g u r e  11-3, t he  b a l l  r o t a t i o n  about i t s  own a x i s  i s  a 

f u n c t i o n  of  t h e  groove diameter and t h e  speeds of  t h e  s h a f t s .  To o b t a i n  

d i f f e r e n t  b a l l  speeds a t  cons t an t  s h a f t  speeds ,  one has  only  t o  p l a c e  t h e  

b a l l  i n  any one of t h e  two concen t r i c  grooves i n  t h e  p l a t e .  

The Her t z i an  s t ress  l e v e l  can be a d j u s t e d  by changing t h e  inc luded  

ang le  of t h e  groove and lo r  t h e  app l i ed  a x i a l  loads .  

dead weight on t h e  l e v e r  arm, the H e r t z i a n  s t ress  t o  which t h e  b a l l  and 

grooved p l a t e  are sub jec t ed  i s  a f u n c t i o n  of t h e  b a l l  d iameter  and t h e  

groove ang le .  

For a c o n s t a n t  a p p l i e d  

B a l l  s p i n  w i l l  occur about an axis drawn from t h e  grooved p l a t e  con tac t  

p o i n t s  and t h e  b a l l  c e n t e r  and i s  c o n t r o l l e d  by va ry ing  t h e  p l a t e  groove 

ang le .  

The t e s t  p l a t e s ,  r e t a i n e r ,  and b a l l s  can be changed and i n s p e c t e d  by 

s e p a r a t i n g  t h e  c e n t e r  housing of t h e  bea r ing  t e s t  c a v i t y .  Th i s  i s  an econ- 

omica l  f e a t u r e  because t h e  assembly t i m e  and t e s t  se t -up  t i m e  can be 
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minimized. 

t h e  experimental  program, thus  r educ ing  t h e  man hour s  a s s o c i a t e d  wi th  

mounting, i n s t rumen ta t ion  hookup, etc.  

The tes t  appa ra tus  can  remain on t h e  t es t  s t a n d  throughout  

As s t a t e d  b e f o r e , t h e  c o n t r a c t  r e q u i r e s  t h a t  t h e  s t anda rd  and c a n d i d a t e  

l u b r i c a n t s  b e  t e s t e d  a t  c o n d i t i o n s  t h a t  would ex is t  i n  a r o c k e t  eng ine  

b a l l  bear ing  o p e r a t i n g  i n  l i q u i d  hydrogen a t  DN v a l u e s  of  2 x lo6 and 

4 x 10 mm-rpm. Since f a t i g u e  damage t o  b a l l  bear ings  occur s  as a r e s u l t  

of t h e  Her tz ian  stress l e v e l  and t h e  amount of  s p i n  i n  t h e  b a l l - r a c e  con- 

tact  area, an a n a l y s i s  w a s  conducted t o  de te rmine  t h e  Her t z i an  stress and 

s p i n  t h a t  ex i s t  i n  t y p i c a l  r o c k e t  engine  b a l l  bea r ings  o p e r a t i n g  a t  t h e  

s p e c i f i e d  DN l e v e l s .  

6 

Before proceeding t o  t h e  methods used i n  t h i s  a n a l y s i s  i t  i s  appro- 

p r i a t e  t o  review b a s i c  b a l l  bea r ing  dynamics and v a r i o u s  terms which w i l l  

be used throughout t h i s  d i s c u s s i o n .  

F igu re  11-4 shows a free-body diagram of  a b a l l  o p e r a t i n g  under a 

t h r u s t  load  of T/n (n i s  t h e  number of b a l l s  i n  t h e  p i t c h  c i rc le  and T i s  

t h e  t o t a l  bearing t h r u s t  load)  a t  some r o t a t i o n a l  speed. 

F igu re  11-5 shows t h e  same b a l l  o p e r a t i n g  under t h e  same t h r u s t  load  

but a t  z e r o  speed. Note t h a t  t h e  o u t e r  race c o n t a c t  a n g l e ,  Bo, of t h e  

r o t a t i n g  b a l l  i s  smaller than  t h e  s t a t i c  c o n t a c t  a n g l e ,  and t h a t  t h e  i n n e r  

r a c e  c o n t a c t  ang le ,  P i ,  becomes g r e a t e r  w i th  r o t a t i o n .  

The b a l l  has  two axes of r o t a t i o n ,  (1) about  t h e  b e a r i n g  c e n t e r l i n e  

and (2) about t h e  b a l l  r o l l  a x i s ,  A-A. There i s  a t h i r d  p o s s i b l e  axis 

(B-B) o f  r o t a t i o n  as shown i n  f i g u r e  11-4 ;  however, a b s o l u t e  b a l l  r o t a t i o n  

about t h i s  ax is  i s  not  e v i d e n t  from a rev iew of high-speed motion p i c t u r e s  

of  b a l l  bearing tes t s .  This  fac t  i n d i c a t e s  t h a t  there i s  relative s l i p  be- 

tween t h e  b a l l  and i n n e r  r a c e  c o n t a c t  zone. 

u s ing  t h e  vec tor  t r i a n g l e  i n  f i g u r e  11-6. 

Th i s  phenomenon can  be seen  
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I f  A-A i s  t h e  axis  of r o t a t i o n  f o r  t h e  b a l l ,  v e c t o r  $ r e p r e s e n t s  t h e  

a b s o l u t e  b a l l  r o t a t i o n a l  v e l o c i t y  of t h e  b a l l ,  and v e c t o r  -j& r e p r e s e n t s  

t h e  r e l a t i v e  r o l l i n g  v e l o c i t y  of the  b a l l  re la t ive t o  the i n n e r  race. To 

c l o s e  the t r i a n g l e  a v e c t o r  Es must ex i s t ,  and i s  cus tomar i ly  c a l l e d  t h e  

r e l a t i v e  s p i n  ( s l i p )  v e c t o r .  

Also shown i n  f i g u r e  11-6 i s  an e n l a r g e d  view of  the i n n e r  race c o n t a c t  

zone. It can  be seen t h a t  t h e  upper edge of t h e  c o n t a c t  zone i s  t r a v e l i n g  

slower t h a n  t h e  lower edge (rl 'wB < r2 O w B ) ;  t h u s ,  t h e r e  w i l l  be a tendency 

toward b a l l  s p i n  i n  t h e  c o n t a c t  zone. 

Excluding t h e  p o s s i b i l i t y  of  a r e t a i n e r  f a i l u r e ,  a b a l l  b e a r i n g  w i l l  

f a i l  when a spot  on t h e  s u r f a c e  of  one o f  i t s  e lements  ( b a l l ,  i n n e r  r a c e ,  

o r  o u t e r  race) r u p t u r e s  from f a t i g u e  due t o  a v i b r a t o r y  s t ress .  (The s t eady  

o r  c o n s t a n t  stresses on these elements are  i n s i g n i f i c a n t . )  The number of  

c y c l e s  which a material  can wi ths tand  a t  v a r i o u s  v i b r a t o r y  stress l e v e l s  i s  

u s u a l l y  dep ic t ed  by a S-N ( v i b r a t i o n  stress l e v e l  - l i f e  i n  c y c l e s )  curve  

similar t o  t h e  s o l i d  l i n e  shown i n  f i g u r e  1 1 - 7 .  I f  t h e  material i s  sub jec t ed  

t o  a v i b r a t o r y  stress l e v e l ,  

T h i s  v a l u e  of  10 c y c l e s  i s  r e f e r r e d  t o  as t h e  runout  l i f e ,  meaning t h a t  i f  

a s t r e s s e d  material  l a s t s  10 cyc le s ,  it w i l l  no t  f a i l ,  no matter how many 

7 then  it w i l l  las t  10 s t ress  c y c l e s  and more. 
O 1  , 

7 

7 

a d d i t i o n a l  c y c l e s  are imposed. This i s  c e r t a i n l y  n o t  r i g i d l y  t r u e  but i s  

s u f f i c i e n t l y  a c c u r a t e  f o r  t h i s  d i scuss ion .  I f  t h e  material i s  s t r e s s e d  t o  

t h e  material w i l l  f a i l  a t  l o n  c y c l e s  where n<7. T h i s  curve  i s  g e n e r a l l y  O2 , 
used i n  showing t h e  f a t i g u e  s t r e n g t h  of beams and o t h e r  s t r u c t u r a l  members 

when s u b j e c t e d  t o  v i b r a t o r y  bending ( tens i le ,  and compress ive) loads .  How- 

ever, t h e  same e f f e c t  i s  t r u e  with r e s p e c t  t o  a s u r f a c e  under c o n t a c t  com- 

p r e s s i o n ;  t h e  only  d i f f e r e n c e  being t h a t  t h e  s u r f a c e  does no t  expe r i ence  

complete stress reversals. The cyc le  goes from z e r o  stress t o  maximum com- 

p r e s s i v e  stress and back t o  zero  s t ress .  
11- 5 
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The do t t ed  l i n e  on f i g u r e  11-7 shows t h e  e f f e c t  o f  s u r f a c e  notch ing  

on f a t i g u e  l i f e .  

f r e t t i n g  where sp inn ing  o r  s l i p p i n g  occurs  i n  t h e  c o n t a c t  zones. 

The notch ing  e f f e c t  i n  b a l l  bea r ings  r e s u l t s  from s u r f a c e  

Under 

such cond i t ions  of  c o n t a c t  zone s l i p ,  t h e  material s u r f a c e  i s  damaged and 

t h e  f a t i g u e  l i f e  of  t h e  material i s  reduced f o r  any g iven  stress level. 

So as su r face  s l i p  occur s ,  and s u r f a c e  damage accumula tes ,  t h e  S-N curve  

s h i f t s  downward wi th  i n c r e a s i n g  number o f  c y c l e s .  A f t e r  t h e  s u r f a c e  damage 

has  evolved, t h e  l i f e  f o r  i n s t a n c e ,  would be lom a t  a stress l e v e l  of o1 

i n s t e a d  of t h e  runout l i f e  t h a t  would be a v a i l a b l e  w i t h  no s l i p  (no s u r f a c e  

damage). I n  a c t u a l  a p p l i c a t i o n  f i g u r e  11-8 shows expe r imen ta l  d a t a  f o r  t h e  

e f f e c t  o f  l i f e  of  an o i l - l u b r i c a t e d  b a l l  s u b j e c t e d  t o  a c o n s t a n t  H e r t z i a n  

s t ress  and va r ious  r a t i o s  o f  s p i n  v e l o c i t y  t o  r o l l  v e l o c i t y .  For a cryogenic  

bea r ing  a p p l i c a t i o n ,  t h e  curve would move apprec iab ly  t o  t h e  l e f t  because of 

t h e  h i g h e r  c o e f f i c i e n t  of  f r i c t i o n  and cor respondingly  g r e a t e r  s u r f a c e  dam- 

age a t  any given l e v e l  of  s l i p .  This  curve confirms t h e  impor tan t  e f f e c t  

o f  c o n t a c t  zone s l i p  on l i f e  and g e n e r a l l y  speaking ,  s u b s t a n t i a t e s  t h e  

conclus ion  t h a t  t h e  prime f a c t o r s  governing t h e  l i f e  of a bea r ing  are t h e  

s l i p  i n  t h e  c o n t a c t  zone and t h e  Her t z i an  stress. 

It i s  now clear t h a t  f o r  a t r u e  e v a l u a t i o n  of a l u b r i c a n t ,  H e r t z i a n  

stress i n  the c o n t a c t  zone, s p i n / r o l l  v e l o c i t y  r a t i o s ,  and b a l l  r o t a t i o n a l  

v e l o c i t y  must be de f ined  and s imula ted  i n  t h e  test  appa ra tus .  To de te rmine  

t h e  r e q u i r e d  l e v e l  of these parameters, P r a t t  & Whitney A i r c r a f t  u t i l i z q d  

an  e x i s t i n g  mathematical  model which p r e d i c t s  the b a l l  bea r ing  i n t e r n a l  

dynamics fo r  any combination of  speed and t h r u s t  load. A set of  t h r e e  

curves  w e r e  produced f o r  each of t h r e e  b e a r i n g  des igns .  The s i z e  of  t h e s e  

bea r ings  (bore d iameters  of 40, 60, and 80 m i l l i m e t e r s )  were chosen f o r  

c o m p a t i b i l i t y  wi th  requi rements  i n d i c a t e d  i n  many p r e l i m i n a r y  s t u d i e s  of  

advanced l i q u i d  rocke t  hydrogen/oxygen eng ines .  

conducted by P r a t t  & Whitney Aircraf t  over  t h e  p a s t  t h r e e  y e a r s .  

These s t u d i e s  have been 

The i n t e r n a l  
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geometr ies  which were s e l e c t e d  f o r  each bea r ing  s i z e  are based on many 

y e a r s  of t h e o r e t i c a l  and experimental  s t u d i e s  which P r a t t  & Whitney has  

conducted wi th  c ryogenica l ly-cooled  b a l l  bea r ings .  

The t h r e e  se t s  of  curves  shown i n  f i g u r e s  11-9 through 1 1 - 1 7  w e r e  

produced f o r  each bea r ing  des ign  and r ep resen ted  t h e  fo l lowing  r e l a t i o n s h i p s :  

a .  The e f f e c t  o f  t h r u s t  p e r  b a l l  on t h e  i n n e r  and o u t e r  race Her t z i an  

stresses f o r  DN va lues  of 2 x 10 , 3 x lo6,  and 4 x 10 mm-rpm. 6 6 

b. The e f f e c t  of t h r u s t  p e r  b a l l  on t h e  r a t i o  of  s p i n  v e l o c i t y  t o  r o l l  

v e l o c i t y  f o r  DN va lues  of  2 x 10 , 3 x lo6 ,  and 4 x 10 6 6 mm-rpm. 

c. The e f f e c t  o f  t h r u s t  p e r  b a l l  on t h e  r a t i o  of  s p i n  v e l o c i t y  t o  inne r  

race v e l o c i t y  f o r  DN values o f  2 x lo6 ,  3 x 10 , and 4 x 10 mm-rpm. 6 6 

Using t h e s e  r e l a t i o n s h i p s ,  one can e n t e r  a s t ress  curve f o r  a g iven  bear- 

i n g  a t  a s p e c i f i c  H e r t z i a n  s t ress  level and r ead  t h e  t h r u s t  pe r  b a l l  t h a t  

would ex is t  f o r  t h e  a p p r o p r i a t e  speed. I n  t h i s  program a n  i n n e r  r a c e  H e r t -  

z i a n  stress of 250,000 p s i  was  chosen s i n c e  t h i s  l e v e l  i s  cons ide red  near  

t h e  maximum v a l u e  p e r m i s s i b l e  f o r  r e l i ab le  bea r ing  des ign .  

With t h e  t h r u s t  pe r  b a l l  determined from t h e  stress curve  t h e  s p i n / r o l l  

and s p i n / i n n e r  r a c e  v e l o c i t y  curves can be e n t e r e d  a t  t h e  a p p r o p r i a t e  t h r u s t  

p e r  b a l l  and t h e  r e q u i r e d  v e l o c i t y  r a t i o s  can be determined. 

The resu l t s  of  t h i s  method of a n a l y s i s  can be summarized on p l o t s  shown 

i n  f i g u r e s  11-18 and 11-19 where the  s p i n / r o l l  v e l o c i t y  r a t i o  and s p i n / i n n e r  

race v e l o c i t y  r a t i o  i s  shown as a func t ion  of  bea r ing  DN v a l u e  f o r  a con- 

s t a n t  i n n e r  race Her t z i an  stress ievei uf 250,000 psi. Siricc +L L L L L  -.------ yLV6L-U. 

s p e c i f i e s  tests a t  e q u i v a l e n t  DN va lues  of 2 x 10 

r e q u i r e d  v e l o c i t y  r a t i o s  are thereby e s t a b l i s h e d  f o r  t h e s e  DN v a l u e s  assuming 

a n  i n n e r  race Her t z i an  stress of  250,000 p s i .  These t e s t  c o n d i t i o n s  are in- 

d i c a t e d  on t h e  summary cu rves ,  and g iven  i n  t a b l e  11-1. 

6 6 and 4 x 10 mm-rpm, t h e  
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Table  11-1. Program Test Condi t ions  

6 4 x 10 mm-rpm 6 DN va lues  2 x 10 mm-rpm 

Her t z i an  s t r e s s  250,000 p s i  250,000 p s i  

S p i n / r o l l  v e l o c i t y  r a t i o  .168 .295 

Spin / inne r  race  v e l o c i t y  r a t i o  .72 1.25 

Since  the above s p e c i f i c  Her t z i an  stress level ,  amount of s p i n  i n  t h e  

b a l l - r a c e  contac t  zone t h a t  occurs  i n  a c t u a l  b a l l  bea r ings  and b a l l  r o t a t i o n a l  

v e l o c i t y  must be s imula ted  i n  t h e  b a l l - p l a t e  t e s t  appa ra tus  t o  be used i n  

t h i s  program, a second s tudy  w a s  conducted t o  de te rmine  t h e  r e q u i r e d  r i g  speed ,  

b a l l  diameter,  inc luded  ang le  of t h e  grooved b a l l  t r a c k ,  and t h e  r a d i u s  of  

t h e  grooved b a l l  t r a c k .  A summary of t h e  r e s u l t s  i s  p r e s e n t e d  i n  t a b l e  11-2. 

I Table  11-2. Test Apparatus Parameters 

RPm 
DN, mm-rpm 

Rrig, i n .  

Q, degrees  

cos  CY 

%BY rpm 

d ,  i n .  

T o t a l  Thrus t ,  l b  

P l a t e  Groove Angle ( 8 )  , degrees  

10 , 000 

2 x 106 

2.03 

9.54 

0.986 

109,000 

0.378 

214.5 

16 1 

10 , 000 

4 x 106 
4.0 
16.5 

0.958 

221,000 

0.378 

208.5 

147 

I 
I 
I 
I 
I 
I 
I 
I 

The following c a l c u l a t i o n s  were used t o  o b t a i n  t h i s  i n fo rma t ion :  

For cons t an t  a p p l i e d  t h r u s t  load  on t h e  r i g ,  t h e  Hertz stress t o  which 

t h e  b a l l  and grooved p l a t e  are s u b j e c t e d  i s  a f u n c t i o n  o f  t h e  b a l l  d iameter  

and t h e  groove ang le .  See  f i g u r e  11-20 f o r  a p p r o p r i a t e  a n g u l a r  and v e c t o r a l  

r e l a t i o n s h i p s .  The f i n a l  c o n f i g u r a t i o n  of  t h e  b a l l - p l a t e  a p p a r a t u s  i s  c a l -  

c u l a t e d  from t h e  fo l lowing  equa t ions :  

11-8 



Pratt & Whitney Flircraft 
PWA FR-986 

S ui 
- =  t a n  cx 
w r 

w B r cos  cc 
- - u) 

r i g  Rr i g  

w r w =  
B cos cy 

om = - NL 
2 

?la 

R a t i o  of b a l l  s l i p  t o  b a l l  r o l l  
equa l s  t h e  t a n g e n t  of t h e  c o n t a c t  
ang le  ( a )  

Rig speed ,  grooved p l a t e  see f i g u r e  
11- 20(A) 

B a l l  Speed 
See f i g u r e  I I -20(B) .  

Mean Her t z i an  c o n t a c t  
s t r e s s  

N d 
a = 0.881 ( +- ) Contact c i r c l e  r a d i u s  

P = 2 N  cos cy Thrus t  load 
L See f i g u r e  I1-2O(C). 

Ball-Race Conf igu ra t ion  for  DN = 4 x lo6 mm rpm 2 .  

CY = tan-' x 0.295 = 16.5" cos CY = 0.958 

B a l l  Speed 

1.25 R W w - - S - - r w =  
B cos CY 0.295 cos  CY 0.295 cos CY 

= 4 inches)  
( R r i g  B a l l  Diameter 

= w r cos cy/R B r i g  W r i g  

= 0.189 inch 10,000 x 4 
221,000 x 0.958 

wr-p R r i g  = r =  
w cos  cy B 

d = 0.378 inch:  Use s t d  318 i n .  d i a  b a l l  

11-9 
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3. Ball-Race Conf igura t ion  for DN = 2 x lo6 mm rpm 

CY = t a n ' l x  0.168 = 9.54" COS CY = 0.986 

Bal l  Speed 

0.72 R 
0.168 cos CY 

w w - - S - - r w =  B cos CY 0.168 cos cy 

Radius t o  Bal l  Race 
u) 

B r cos  cy - 109,000 x 0.189 x 0.986 = 2.03 inch - 
10,000 R =  r i g  w r i g  

Thrust  Load on Rig 
N d  113 

a = 0.881 (A) NL 
m 2 Ta E 

o =  

2 I3  1 /3  - a m  'IT (0.881) 2 N ~ 2 1 3  d2 I3  - - 250,000 ~ (0 .776) (0 .378)  
NL - E2/3 3 0 ~ ' ~  x ( i o  6 ) 213 

= 3.31 

NL = (3.31)3 = 36.3 l b  

'DN2 =2NLc0s CY = 72.6 x 0.986 = 71.5 l b  

Tota l  Thrust  (3 b a l l s )  = 214.5 l b  

= 2NLcos CY = 72.6 x 0.958 = 69.5 l b  'DN4 

Tota l  Thrust  (3 b a l l s )  = 208.5 l b  

11- 10  
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SYMBOLS 

UNITS DESCRIPTION 

Inches  Radius of c o n t a c t  c i r c l e  

Inches  Bal l  d iameter  

Inches  Radius o f  b a l l  

M i  11 i m e  t er s Bearing base  diameter  

mm x rpm Bearing bore d iameter  i n  millimeters 
t imes s h a f t  speed i n  rpm 

p s i  Modulus of  E l a s t i c i t y  

Rev/Min RPM 

Pounds Normal load a t  b a l l  c o n t a c t  

Pounds Thrus t  load  pe r  b a l l  

Pounds 

Pounds 

Inches  

Degrees 

Thrus t  l oad  pe r  b a l l  f o r  s imula t ed  
2 x 106 DN o p e r a t i o n  

Thrus t  load p e r  b a l l  f o r  s imula t ed  
4 x 106 DN o p e r a t i o n  

Radius from r i g  c e n t e r l i n e  t o  groove 
i n  b a l l  race way 

Angle measured from bottom o f  V groove 
t o  p o i n t  o f  b a l l  c o n t a c t  

p s i  Mean Her t z i an  c o n t a c t  s t ress  

Rev /M i n B a l l  r o t a t i o n a l  v e l o c i t y  

Rev /M i n  Spin component of b a l l  r o t a t i o n a l  
v e l o c i t y  

Rev/Min Rig r o t a t i o n a l  v e l o c i t y  

Rev/Min R o l l  component of  b a l l  r o t a t i o n a l  
"p1  I n c  F t y 

Rev/Min Race r o t a t i o n a l  v e l o c i t y  

II- 11 
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Before t h e  e x i s t i n g  test a p p a r a t u s ,  which was d i scussed  above, could  

be used i n  t h i s  program c e r t a i n  mod i f i ca t ions  w e r e  necessa ry  t o  permi t  

t e s t i n g  with a c ryogenic  f l u i d .  These mod i f i ca t ions  inc luded:  I 
1. 

2. Inc reas ing  the diameter of t h e  i n t e r m e d i a t e  housing t h a t  sur rounds  

Inc reas ing  the tes t  p l a t e  d iameter  i n  t h e  test  compartment. 

t h e  l a r g e r  tes t  p l a t e s .  

3. I n s t a l l i n g  twin  seals a t  both ends of t h e  t e s t  compartment t o  pre-  

vent any mixing of  t h e  hydrogen i n  t h e  test  compartment and t h e  

o i l  i n  t h e  a d j a c e n t  bea r ing  compartments. 

A ske tch  o f  t h e  modified t e s t  appa ra tus  i s  shown i n  f i g u r e  11-21. Photo- 1 
graphs o f  var ious  views o f  t h e  a c t u a l  r i g  are shown i n  f i g u r e s  11-22, and 11-23. 

11- 1 2  

I 



Pratt & Whitney Flircraf? 
PWA FR-986 

11-13 



Pratt & Whitney Flircraft 
PWA FR-986 

1 I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

Figure 11-2. Internal View of Existing Apparatus Showing FD 5637 
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SECTION 111 
SELECTION AND TESTS OF STANDARD MATERIALS 

The purpose i n  t h e  experimental  e v a l u a t i o n  of s t anda rd  m a t e r i a l  

combinations w a s  t o  e s t a b l i s h  a b a s i c  l e v e l  of performance t o  

which subsequent t e s t s  of candida te  m a t e r i a l s  could be  compared. 

The s t anda rd  materials chosen f o r  t h i s  p o r t i o n  of  t h e  experiment were: 

1. A I S I  440C b a l l s  and p l a t e s  w i t h  Rulon A r e t a i n e r  i n s e r t s .  Rulon 

A i s  a s i l i c o n - f i l l e d  f luorocarbon composition. 

2 .  A I S I  440C b a l l s  and p l a t e s  w i t h  DU r e t a i n e r  i n s e r t s .  (DU i s  t h e  

t r a d e  name f o r  a s i n t e r e d  ma t r ix  of  bronze micropowder, t h e  pores  

of which a r e  f i l l e d  with a lead- f luorocarbon mix tu re .  The com- 

p o s i t e  i s  backed wi th  a t h i n  s t e e l  s t r i p . )  

The f i r s t  s t anda rd  (Rulon A i n s e r t s )  m a t e r i a l  has  been used suc- 

c e s s f u l l y  f o r  s e v e r a l  yea r s  i n  the R L l O  l i q u i d  hydrogen/oxygen e n g i n e ' s  

turbopumps and gearboxes.  The second s t anda rd  has been t e s t e d  a t  DN 

va lues  i n  excess  of 2 x 10 mm-rpm i n  an advanced h igh  p r e s s u r e  hydro- 

gen pump a t  t h e  F l o r i d a  Research and Development Cen te r .  

6 

Each s tandard  m a t e r i a l  w a s  subjec ted  f o u r  t i m e s  t o  each of t h e  two 

t e s t  cond i t ions  e s t a b l i s h e d  i n  Sec t ion  I1 of  t h i s  r e p o r t  and shown i n  

t a b l e  11-1. The r e s u l t s  of t hese  t e s t s  are p resen ted  i n  t a b l e  111-1. 

A l l  four  specimens us ing  t h e  Rulon A r e t a i n e r  i n s e r t s  s u c c e s s f u l l y  

6 
completed 10 hours  a t  an equiva len t  DN va lue  of 2 x 10 mm-rpm. I n  

a l l  c a s e s ,  macrographic in spec t ion  showed t h e  b a l l s  and r a c e s  t o  be i n  

e x c e l l e n t  cond i t ion .  The wear i n  t h e  r e t a i n e r  h s e r t  pscket Was low 

and t h e  v i b r a t i o n  ampli tude ind ica t ed  by t h e  accelerometer  on t h e  loading  

III- 1 
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arm w a s  approximately . 3  m i l s .  The loading  arm magni f ies  t h e  axial 

o s c i l l a t i o n  of t h e  p l a t e s  by a f a c t o r  of 6. As d i scussed  ear l ier ,  t h e  

tes ts  were stopped a f t e r  10 hours ( a c o n d i t i o n  s p e c i f i e d  by t h e  c o n t r a c t )  

s i n c e  a 10-hour l i f e  i s  compatible  w i t h  most c u r r e n t  and advanced l i q u i d  

r o c k e t  engine l i v e s .  

Three of t h e  fou r  specimens us ing  DU r e t a i n e r  i n s e r t s  s u c c e s s f u l l y  

6 
completed 10 hours a t  an equ iva len t  DN v a l u e  of 2 x 10 mm-rpm. The 

t e s t  of t h e  fou r th  specimen w a s  abor t ed  a f t e r  1 .6  hours .  F a i l u r e  w a s  

a t t r i b u t e d  t o  a f r a c t u r e d  DU i n s e r t .  I n  a l l  o t h e r  cases, t h e  wear i n  

t h e  i n s e r t  pockets w a s  moderate. I n  g e n e r a l ,  t h e  s u r f a c e s  of t h e  DU 

r a c e s  and b a l l s  appeared t o  be s l i g h t l y  rougher  than  found i n  t h e  Rulon 

A s t anda rd  combinations. The s u r f a c e  roughness has  been a t t r i b u t e d  

t o  bronze p a r t i c l e s  from t h e  DU i n s e r t  be ing  p res sed  i n t o  t h e  p l a t e  s u r -  

f ace .  The b a l l s  and p l a t e s  were bronze-colored a f t e r  each t e s t .  

F i g u r e  111-1 shows t h a t  t h e  Rulon A i n s e r t  specimens exceeded t h e  

performance of t h e  DU i n s e r t  specimens a t  an e q u i v a l e n t  DN v a l u e s  

of  4 x 10  nun-rpm . The wear i n  t h e  pockets  of t h e  Rulon A i n s e r t s  

w a s  low as compared t o  moderate wear of  t h e  DU i n s e r t s ,  b u t  h i g h e r  

t han  observed a f t e r  t h e  low DN tes t s .  F igu res  111-2 th rough 1 1 1 - 7  

show low and h igh  magn i f i ca t ion  photographs t aken  of t y p i c a l  s u r f a c e  

s p a l l i n g ,  and r e t a i n e r  i n s e r t  wear r e s u l t i n g  from tests conducted i n  

t h i s  p o r t i o n  of t h e  experimental  program. 

6 

Based on t h e  r e s u l t s  of t h e s e  tes ts  t h e  material combinat ion of 

Rulon A i n s e r t s  and AIS1 440C b a l l s  and r a c e s  w a s  chosen as t h e  pr imary 

s t a n d a r d ,  and t h e  minimum l e v e l  of performance which t h e  cand ida te  

material must  m e e t  has  been determined as fo l lows .  
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1. S a t i s f a c t o r i l y  complete 10 hours of ope ra t ion  (2 t e s t s )  a t  an 

equ iva len t  DN va lue  of 2 x 10 

S a t i s f a c t o r i l y  complete a minimum of 5 hours a t  an equ iva len t  

DN va lue  of 4 x 10 

Re ta ine r  i n s e r t  wear must be no g r e a t e r  than experienced i n  t h e  

s tandard  tests.  

6 m - r p m .  

2.  
6 m-rpm. 

3 .  
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F i g u r e  1 1 1 - 2 .  V i e w  of Wear Path i n  Outer  “P‘ Showing 
Most Severe P i t t i n g  P r e s e n t  on t h e  P a r t .  
( T e s t  No. 3 ,  R u l o n  A a t  DN = 4 x lo6  mm-rpm) 

FL 3530 

111- 7 



Pratt & Whitney Rircraft 
PWA FR-986 

111-8 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
I 
1 
I 



Pratt & Whitney Flircraft 
PWA FR-986 

F i g u r e  111-4. V i e w  of  C i r c u m f e r e n t i a l  S e c t i o n  Through t h e  FM 6026 
I n n e r  Wear Pa th  of  t h e  Outer  t tPt  Showing 
T y p i c a l  S p a l l s .  Material i s  AIS1 440C. 
(Tes t  No. 3 ,  Rulon A a t  DN = 4 x lo6 mm-rpm) 
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F i g u r e  111-5. T y p i c a l  Su r face  S p a l l i n g  (Rulon A a f t e r  
6 2.6 Hours a t  DN = 4 x 10 mm-rpm, mag = 30X) 
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SECTION I V  
SELECTION OF CANDIDATE LUBRICANT MATERIALS 

The g e n e r a l  purpose of l u b r i c a t i o n  i s  t o  i n c r e a s e  t h e  l i f e  of 

the bea r ing .  R e f e r r i n g  t o  t h e  theory  of f a i l u r e  d i scussed  i n  

S e c t i o n  11, t h e  s p e c i f i c  purpose of t h e  l u b r i c a t i n g  material i s  

t o  p reven t  s u r f a c e  damage and subsequent r e d u c t i o n  i n  t h e  f a t i g u e  

l i f e  of t h e  bea r ing  material. 

I n  more t y p i c a l  bea r ing  a p p l i c a t i o n s  the l u b r i c a n t  i s  u s u a l l y  

i n  t h e  form of a l i q u i d  hydrocarbon o i l  t h a t  e i t h e r  completely 

surrounds t h e  bea r ing  o r  i s  i n j e c t e d  on t h e  bea r ing  wi th  j e t s .  I n  

a c ryogen ic -bea r ing  t h e  use of such l i q u i d  l u b r i c a n t s  i s  i m -  

p o s s i b l e  s i n c e  t h e  ope ra t ing  temperature i s  lower than  t h e  f r e e z i n g  

p o i n t  of t h e s e  o i l s .  The u s e  of s o l i d  l u b r i c a n t s  i s , t h e r e f o r e ,  

t h e  on ly  method a v a i l a b l e  f o r  l u b r i c a t i o n  of  bea r ings  o p e r a t i n g  i n  

l i q u i d  hydrogen. 

On t h e  o t h e r  hand t h e  l i q u i d  hydrogen has a l l  t h e  c h a r a c t e r i s t i c s  

of an  e x c e l l e n t  coo lan t .  I n  i t s  l i q u i d  c o n d i t i o n ,  it i s  extremely 

c o l d  (-423"F), has a h igh  s p e c i f i c  h e a t ,  and has a l o w  v i s c o s i t y .  

To summarize, b a l l  bear ings  o p e r a t i n g  i n  l i q u i d  hydrogen a r e  

(1) cooled by t h e  hydrogen and (2) l u b r i c a t e d  by some s o l i d  

1 u b r  i c a n t  . 
Because of t h e  low v i s c o s i t y  of hydrogen, t h e  bea r ings  can be 

comple te ly  submerged wi thout  any concern  about t h e  v i scous  d rag  

f o r c e s  on t h e  moving parts. 

supp ly ing  t h e  l u b r i c a n t  i s  n o t  so s t r a i g h t f o r w a r d .  

methods i n c l u d e  (1) dry - f i lm  l u b r i c a n t s  bonded t o  t h e  raceways, 

On t h e  o t h e r  hand, t h e  problem of 

P o s s i b l e  
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(2) metal l ized o r  flame-sprayed w e a r - r e s i s t a n t  raceways , ( 3 )  

i n j e c t e d  nonmetal l ic  submicron s i z e  powders, o r  ( 4 )  r e t a i n e r  m a t e r i a l s  

t h a t  have inhe ren t  s e l f - l u b r i c a t i n g  c h a r a c t e r i s t i c s .  I n  t h e  f i r s t  two 

methods, t h e  l u b r i c a n t  i s  p a r t  of t h e  bea r ing  wear s u r f a c e s  and i n  

t h e  t h i r d  method it i s  c a r r i e d  by t h e  coo lan t  t o  t h e  wear s u r f a c e s .  

I n  t h e  f o u r t h  method, a t h i n  l u b r i c a t i n g  f i l m  i s  t r a n s f e r r e d  by t h e  

b a l l s  from the r e t a i n e r  t o  t h e  raceways. This  t h i n  f i l m  then  s e r v e s  

as t h e  load-carrying l u b r i c a n t  f o r  t h e  wear s u r f a c e .  It w a s  i n i t i a l l y  

decided t h a t  a l l  fou r  o f  t h e s e  methods of l u b r i c a t i n g  l i q u i d  hy- 

drogen-cooled b a l l  bea r ings  would be i n v e s t i g a t e d  i n  t h i s  program. 

A l i t e ra ture  survey ( see  Bib l iography)  w a s  conducted t o  determine 

t h e  most l i k e l y  cand ida te  i n  each of t h e  fou r  c a t e g o r i e s .  This  

s tudy  revea led  t h e  f a c t  t h a t  p o s s i b l e  "packing" problems a s s o c i a t e d  

w i t h  powder i n j e c t i o n  devices  would g r e a t l y  h inder  t h e  success  of 

t h e  l u b r i c a t i o n  mode. A s  a r e s u l t  no cand ida te s  t h a t  were r ep re -  

s e n t a t i v e  of t h i s  l u b r i c a t i o n  method w e r e  s e l e c t e d .  Th i s  s tudy  

on t h e  o t h e r  hand, r e s u l t e d  i n  t h e  fo l lowing  s e l e c t i o n s .  

1. Lubr ica t ing  Re ta ine r  Materials 

a. AMs 5630 b a l l s  and p l a t e s  w i t h  Sa lox  M r e t a i n e r  i n s e r t s .  

Salox M i s  f luorocarbon m a t r i x  f i l l e d  w i t h  40% (by weight)  

bronze. 

b. AX3 5630 b a l l s  and p l a t e s  w i t h  Sa lox  Z - 1  r e t a i n e r  i n s e r t s .  

Salox Z - 1  i s  a f luorocarbon m a t r i x  f i l l e d  w i t h  15% (by weight)  

molybdenum d i s u l p h i d e  @€os2). 
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g. 

AMs 5630 b a l l s  and p l a t e s  

polyimide f i l l e d  wi th  15% 

AMs 5630 b a l l s  and p l a t e s  

s i l v e r  m a t r i x  f i l l e d  wi th  

AMs 5630 b a l l s  and p l a t e s  

s i l v e r  matrix f i l l e d  wi th  

( C a F 2 ) .  

AMs 5630 b a l l s  and p l a t e s  
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w i t h  r e t a i n e r  i n s e r t s  made of a 

(by weight) MoS2. 

w i t h  r e t a i n e r  i n s e r t s  made of a 

20% (by volume) MoS2. 

w i t h  r e t a i n e r  i n s e r t s  made o f  a 

20% (by volume) ca lc ium f l u o r i d e  

w i t h  i n s e r t s  made of an aluminum 

mat r ix  f i l l e d  wi th  t h e  more e f f e c t i v e  of  t h e  two l u b r i c a n t  

f i l l e r s  used i n  i t e m  (d) and ( e ) ,  p receding .  

AMs 5630 b a l l s  and p l a t e s  w i t h  i n s e r t s  made of boron n i t r i d e  

(not p y r o l y t i c ) .  

2. Lubr i can t s  Bonded t o  P l a t e s  

a. AMs 5630 b a l l s ,  AMs 5630 p l a t e s  p l a t e d  w i t h  modified MLF-5 

dry  f i l m  l u b r i c a n t s ,  and r e t a i n e r  i n s e r t s  made of Rulon A. 

W - 5  c o n s i s t s  of g raph i t e ,  go ld ,  MoS2, and a sodium s i l i c a t e  

( N a  0 . 2 . 9  S i  02) binder .  2 
b. AMs 5630 b a l l s ,  AMs 5630 p l a t e s  p l a t e d  w i t h  a f luorocarbon 

compound, F luo rog l ide .  F l u o r o g l i d e  i s  a f luorocarbon telomer 

manufactured by Chemplast, Inc .  

3 .  P l a t e d  Wear R e s i s t a n t  Raceways 

AMs 5630 b a l l s ,  AMs 5630 p l a t e s  p l a t e d  w i t h  tungs t en  c a r b i d e  

( m e t a l l i z e d ) .  

Not ice  t h e  ca t egory  r e l a t e d  t o  i n j e c t e d  nonmeta l l i c  sub-iiiicroi; 

s i z e  powder was  n o t  inc luded  i n  t h e  l i s t  of cand ida te  l u b r i c a t i n g  

systems. T h i s  method w a s  e l imina ted  when the l i t e r a t u r e  s e a r c h  
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r evea led  t h a t  t h e  b e n e f i c i a l  c h a r a c t e r i s t i c s  of  t h i s  l u b r i c a t i o n  

mode would be overshadowed by p o s s i b l e  "packing" problems a s s o c i a t e d  

wi th  i n j e c t i o n  devices .  

The var ious  candida te  l u b r i c a n t s  l i s t e d  above were s e l e c t e d  f o r  

t h e  fol lowing reasons .  

The RLlO rocke t  engine performs r e l i a b l y  wi th  b a l l  bea r ings  

o p e r a t i n g  i n  l i q u i d  hydrogen by us ing  r e t a i n e r s  made of Rulon A, 

a s i l i c o n - f i l l e d  f luorocarbon composite.  I n  view of  t h i s  success ,  

i t  w a s  decided t o  exp lo re  o t h e r  f luorocarbon composi t ies ,  w i t h  

emphasis on improved f i l l e r  m a t e r i a l s .  

f luorocarbon mat r ix)  and Salox Z - 1  (a MoS f i l l e d  f luorocarbon 

ma t r ix )  bo th  were expected t o  provide  inc reased  r e s i s t a n c e  t o  de- 

format ion ,  low c o e f f i c i e n t  of f r i c t i o n ,  i nc reased  wear r e s i s t a n c e ,  

and h ighe r  s t rength /weight  r a t i o s  than  Rulon A. 

Salox  M (a b r o n z e - f i l l e d  

2- 

One company r e c e n t l y  publ i shed  informat ion  r e l a t i n g  t o  a polyimide 

c a l l e d  Vespel.  

s t rength /weight  r a t i o s  than any of t h e  f i l l e d  f luorocarbon matrices 

and can be  f i l l e d  w i t h  e i t h e r  g r a p h i t e  o r  MoS2. The MoS2 f i l l e r  i s  

g e n e r a l l y  considered p r e f e r a b l e  f o r  exposure t o  a vacuum environment 

compared t o  g r a p h i t e ,  which depends on water vapor  t o  act  as a l u b r i c a n t .  

The same t r ends  are expected t o  remain t r u e  f o r  a reducing atmosphere 

such as hydrogen. 

This  o rgan ic  polymer t h e o r e t i c a l l y  o f f e r s  much h i g h e r  

The success  of t h e  nonmeta l l ic  composite r e t a i n e r  m a t e r i a l s  has  

prompted some i n v e s t i g a t i o n s  of m e t a l l i c  composites f i l l e d  wi th  

l u b r i c a t i n g  m a t e r i a l s .  

weight r a t i o s  and i n  some cases  e l i m i n a t e  t h e  requirements  f o r  re- 

Metallic composites p rov ide  h ighe r  s t r e n g t h /  
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t a i n e r  shrouds t o  wi ths tand  h igh  r e t a i n e r  r o t a t i n g  s t r e s s e s .  I n  

a d d i t i o n  most metal l ic  composites would not  be damaged i n  n u c l e a r  

environments.  Some success  has  been r epor t ed  w i t h  m e t a l  com- 

p o s i t e s  u s ing  a s i l v e r  ma t r ix  with t h e  s u l f i d e s ,  t e l l u r i d e s ,  and 

s e l e n i d e s  of molybdenum and tungsten.  A s m a l l  amount of  t e t ra -  

f luo roe thy lene  (TFE) has i n  some cases  been added i n  t h e  s t r u c t u r e .  

I n  g e n e r a l ,  t h e r e  appears  t o  be  no advantage t o  us ing  molybdenum- 

d i s e l e n i d e  (MoSe2), tungs ten  d i s u l f i d e  (WS2), o r  tungs ten-  

d i t e l l u r i d e  (We2) i n s t e a d  of MoS2. 

has  been r epor t ed  w i t h  C a F 2  as a l u b r i c a n t .  

p rev ious  exper ience ,  MoS 

f o r  t h e  cand ida te  m e t a l  matrices f o r  use  i n  t h i s  program. The f i n a l  

I n  a d d i t i o n ,  some success  

I n  view of t h e  r e p o r t e d  

and CaF w e r e  chosen as  t h e  f i l l e r  materials 
2 2 

choice i n  t h i s  ca tegory  was t h e  s e l e c t i o n  of t h e  m e t a l  m a t r i x  i t s e l f .  

Due t o  t h e  h igh  thermal  conduct iv i ty  and t h e  amount of  expe r i ence  

compiled i n  manufactur ing s i lver  composi tes ,  t h i s  material w a s  

s e l e c t e d  i n s t e a d  of n i c k e l  o r  copper. However, s i lver  does not  

p rov ide  a s t r eng th /we igh t  r a t i o  t h a t  i s  s u f f i c i e n t  t o  e l i m i n a t e  

t h e  use  of r e t a i n e r  s t r u c t u r a l  shrouds f o r  u se  i n  h igh  DN bea r ings .  

Fo r  th i s  reason ,  aluminum w i t h  i t s  h igh  s t r eng th /we igh t  r a t i o  

w a s  chosen as a second mat r ix  ma te r i a l .  A r e t a i n e r  made w i t h  an 

aluminum mat r ix  would not  have t o  be  shrouded i n  most a p p l i c a t i o n s .  

It w a s  decided t h a t  t h e  f i l l e r  f o r  t h e  aluminum composite would be 

t h e  most e f f e c t i v e  l u b r i c a n t  r e s u l t i n g  from t h e  t e s t s  of  t h e  MoS2- 

f i l l e d  s i l v e r  composite and t h e  CaF2-f i l led  s i l v e r  composite.  

...* lne dry film i u b r i c r i n t ,  a f i o  ~ L X - J ,  c I--- iiaa been U D L W  - . ~ n o o m o ~ , , ~ ~  au--LY"&..ALy i I I  

v a r i o u s  a p p l i c a t i o n s  a t  NASA and P r a t t  & Whitney A i r c r a f t  (RL10 

gimbal l u b r i c a n t ) .  No information i s  a v a i l a b l e  t o  i n d i c a t e  t h a t  

MLF-5 has been used i n  h igh  speed b a l l  bear ings .  However, success  
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w i t h  t h e  gimbal t e s t s  i n d i c a t e s  it would be a worthwhile cand ida te  f o r  

t h e  e x i s t i n g  program. 

Boron n i t r i d e  w a s  s u b s t i t u t e d  f o r  t h e  i n j e c t e d  f luorocarbon 

powder method which w a s  e l imina ted  e a r l y  i n  t h e  program and which i s  

d i scussed  above. The material i s  comonly  known as whi t e  carbon and 

i s  sometimes used as nose p i e c e s  i n  c ryogenic  r o t a t i n g  s h a f t  seals.  

It t h e o r e t i c a l l y  has  an e x c e l l e n t  c o e f f i c i e n t  of f r i c t i o n  and 

wear r e s i s t a n c e .  

I n  view of t h e  theory  t h a t  cryogenic  bear ings  used i n  t h e  RLlO 

are l u b r i c a t e d  by Rulon A which i s  t r a n s f e r r e d  from t h e  r e t a i n e r  t o  

the  raceway by t h e  b a l l s ,  i t  fo l lows  t h a t  t h e  more d i r e c t  approach 

would be  t o  p l a t e  t h e  raceways wi th  a f luorocarbon ( t h e  p r i n c i p a l  

component i n  Rulon A) i n  t h e  manufacture  of  t h e  race. 

i n  t h i s  method i s  i n  achiev ing  an extremely t h i n  f luorocarbon 

coa t ing .  Excessive material w i l l  f o u l  t h e  p a t h  of t h e  b a l l  and 

cause  damage. A t h i n  c o a t  of F l o u r o g l i d e ,  t r a d e  name f o r  a f l u o r o -  

carbon coa t ing  compound, w a s  employed s i n c e  t h i s  material r e q u i r e d  no 

cu r ing  cyc le .  The coa t ing  th i ckness  w a s  approximately .001 i n .  

The d i f f i c u l t y  

Even through flame-spray s u r f a c e s  should  no t  be cons idered  as 

l u b r i c a n t s  as such ,  they  do i n c r e a s e  t h e  wear r e s i s t a n c e  of t h e  

s u r f a c e  and consequently provide  some a s s i s t a n c e  t o  t h e  r e t a i n e r  l u b r i -  

c a n t  i n  performing i t s  job.  Many types  of flame-sprayed s u r f a c e s  

a r e  a v a i l a b l e .  For  thermal c o m p a t i b i l i t y  w i t h  t h e  base  metal and 

a l l e g e d  ease of manufacture ,  t ungs t en  c a r b i d e  w a s  s e l e c t e d  f o r  t h i s  

program. As discussed  l a t e r  i n  t h i s  r e p o r t ,  t h e  manufacture  of t h e  

specimen w a s  not s u c c e s s f u l  and as a r e s u l t  t h e s e  specimens were 

n o t  t e s t e d .  

I 
I 
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SECTION V 
TESTS OF CANDIDATE MATERIALS 
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The tes t s  of t h e  cand ida te  materials a r e  summarized i n  t a b l e  V - 1  

and began with two low speed eva lua t ions  ( equ iva len t  DN v a l u e  of 

2 x 10 nun-rpm) of t h e  metal  composite, Ag-MoS T e s t  cond i t ions  

were i d e n t i c a l  t o  those  used i n  t h e  2 x 10 DN t e s t s  of  t h e  s t anda rd  

materials.  The r e s u l t s  of these  t es t s  were somewhat encouraging 

i n  t h a t  t h e  cand ida te  success fu l ly  completed 10 hours i n  each case ,  

and t h e r e f o r e  met t h e  f i r s t  requirement de f ined  i n  S e c t i o n  111. 

I n s p e c t i o n  of t h e  b a l l s  and p l a t e s  showed them t o  be i n  e x c e l l e n t  

cond i t ion .  I n  f a c t ,  t h e  b a l l  t r acks  on t h e  p l a t e s  and t h e  wear 

t r a c k s  on t h e  b a l l s  seemed t o  be i n  b e t t e r  c o n d i t i o n  than  when t h e  

t e s t  s t a r t e d .  I n  both  t es t s ,  the wear t r a c k  w a s  h i g h l y  po l i shed  and 

conta ined  no evidence of f a t i g u e .  On t h e  o t h e r  hand, t h e  r e t a i n e r  

i n s e r t  w a s  h igh ly  worn as shown i n  f i g u r e V - 1 .  Th i s  l e v e l  of 

wear would be cons idered  unacceptable  i n  an a c t u a l  b a l l  bea r ing  

r e t a i n e r .  The amount of wear with t ime o r  t h e  wear r a t e  i s  unknown. 

I n  o t h e r  words i t  i s  no t  known whether most of t h e  wear occurred  

e a r l y  i n  t h e  tes ts  and l e v e l e d  off as time accumulated o r  whether 

t h e  wear r a t e  w a s  cons t an t  throughout t h e  t e s t .  

6 
2 '  

6 

O r d i n a r i l y ,  t h e  wear r a t e  demonstrated by t h i s  specimen i n  t h e  

low speed tes ts  would have d i s q u a l i f i e d  i t  f o r  subsequent  h igh  speed 

t e s t s .  But t h e  e x c e l l e n t  l u b r i c a t i n g  c h a r a c t e r i s t i c s  demonstrated 

i n  t h e  f i r s t  two t e s t s  v e r e  c ~ r i s i d s r e d  S U  encouraging t h a t  a h igh  

speed t e s t  was scheduled t o  (1) confirm t h e s e  l u b r i c a t i n g  c h a r a c t e r i s t i c s  
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and (2) determine i f  t h e  wear r a t e  i nc reased  wi th  t h e  h ighe r  b a l l  

r o t a t i o n a l  velocit ies.  The r e s u l t s  of t h e  h igh  speed t e s t  were 

aga in  encouraging. The specimen s u c c e s s f u l l y  completed a 10-hour 

endurance run and p o s t - t e s t  i n s p e c t i o n  showed t h e  wear t r a c k s  on 

t h e  b a l l s  and p l a t e s  t o  be h igh ly  po l i shed .  Again t h e  r e t a i n e r  i n s e r t s  

were badly worn but  t h e  amount of wear d id  no t  appear  t o  be any worse 

than  i n  t h e  two low spedd t e s t s .  It would t h e r e f o r e  appear  t h a t  

t h e  wear r a t e  w a s  una f fec t ed  by t h e  h ighe r  b a l l  r o t a t i o n a l  v e l o c i t y .  

The nex t  s e r i e s  of t e s t s  w a s  conduct ing us ing  r e t a i n e r  i n s e r t s  

made of Ag-CaF2 and unpla ted  AIS1 440C b a l l s  and races. 

t h e  performance of t h i s  specimen w a s  very  poor and s i n c e  i t  f a i l e d  t o  

I n  g e n e r a l ,  

m e e t  t h e  f i r s t  requirement  e s t a b l i s h e d  by t h e  s t anda rd  materials t e s t s ,  

no f u r t h e r  t e s t s  were scheduled.  Re ta ine r  i n s e r t  wear f o r  t h i s  

candida te  i s  shown i n  f i g u r e  V - 2 .  

It should be po in ted  ou t  he re  t h a t  t h e  t es t s  o f  t h e  Ag-CaF2 

tes ts  a r e  s i g n i f i c a n t  from t h e  . t andpoin t  t h a t  they i n d i c a t e  t h a t  

it i s  p r i n c i p a l l y  t h e  MoS i n  t h e  Ag-MoS cand ida te  which made t h a t  

cand ida te  e f f e c t i v e  as a l u b r i c a n t .  

2 2 

2 Both t h e  Ag-CaF2 and t h e  Ag-MoS 

cand ida te s  had t h e  same amount of l u b r i c a n t  by volume and t h e r e f o r e  

t h e  same approximate amount of  s i l v e r  i n  t h e  ma t r ix .  S ince  t h e  

wear ra te  of t h e  Ag-MoS 

l u b r i c a t i n g  c h a r a c t e r i s t i c s  can be a t t r i b u t e d  t o  t h e  MoS i t  fo l lows  

t h a t  t h e r e  i s  a good p o s s i b i l i t y  t h a t  s i l v e r  could  be r ep laced  wi th  

cand ida te  w a s  h i g h  and t h e  e x c e l l e n t  2 

2,  

o t h e r  ma te r i a l s  t o  permi t  h ighe r  r e s i s t a n c e  t o  w e a r .  It would seem 

important  t o  p r e s s  such an i n v e s t i g a t i o n  s i n c e  bea r ing  a p p l i c a t i o n s  

sub jec t ed  t o  nuc lea r  r a d i a t i o n  atmospheres w i l l  probably r e q u i r e  

some m e t a l l i c  r e t a i n e r .  Most p l a s t i c s  are n o t  s a t i s f a c t o r y  i n  

such an environment, p a r t i c u l a r l y  those  where t h e  r a d i a t i o n  l e v e l  

approaches lo5  e rgs  p e r  gram (c).  

v- 2 
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The nex t  series of tes ts  was conducted w i t h  Sa lox  M r e t a i n e r  i n s e r t s  

and unpla ted  AIS1 440C b a l l s  and plates, t h e  only  cand ida te  material com- 

b i n a t i o n  t h a t  exceeded t h e  performance of t h e  Rulon A s t a n d a r d .  The f i r s t  

t e s t  w a s  conducted at  an equivalent  DN l e v e l  2 x 10 and p o s t - t e s t  

i n s p e c t i o n  showed t h e  b a l l s  and p l a t e s  t o  be i n  e x c e l l e n t  c o n d i t i o n  and 

having a s l i g h t  bronze-colored hue. The r e t a i n e r  wear was extremely low 

as shown i n  f i g u r e  V-3 and c e r t a i n l y  no h i g h e r  t han  observed i n  t h e  Rulon A 

s t a n d a r d  t es t s .  I n  f a c t ,  t h e  t e s t s  specimen were i n  such  e x c e l l e n t  con- 

d i t i o n  t h a t  an immediate t es t  w a s  scheduled at t h e  h ighe r  equ iva len t  

DN va lue  of 4 x 10 nun-rpm. The candida te  specimen s u c c e s s f u l l y  com- 

p l e t e d  t h e  10-hour endurance run at  h igh  speed and t h e  i n s e r t  wear 

was found t o  be  a c t u a l l y  lower than had been found i n  t h e  low DN t e s t .  

A t h i r d  h igh  speed t e s t  w a s  conducted t o  confirm t h e  low wear and t h e  

r e s u l t s  were i d e n t i c a l l y  reproduced. S e e  f i g u r e  V-3 f o r  r e t a i n e r  

wear r e s u l t i n g  from t h i s  t h i r d  t e s t .  The exac t  reason  f o r  t h e  lower 

wear i n  t h e  h igh  DN t es t s  i s  n o t  known. 

6 

6 

This  series of tes ts  wi th  t h e  Salox M cand ida te  proved t h a t  t h i s  

m a t e r i a l  i s  s u p e r i o r  t o  Rulon A. Coincidental ly ,some r e c e n t  tes ts  

wi th  RLlO bear ings  us ing  Salox M r e t a i n e r s  have r e s u l t e d  i n  l i v e s  i n  

excess  of 60 hours a t  DN va lues  of approximately 1 x 10 

For  a cryogenic  bea r ing  and cur ren t  rocke t  engine ,  t h i s  r e p r e s e n t s  a 

s i g n i f i c a n t  i n c r e a s e  i n  l i f e  over p re sen t  s t anda rds .  

6 nun-rpm. 

Boron n i t r i d e ,  o r  w h i t e  carbon, w a s  used as t h e  r e t a i n e r  i n s e r t s  

i n  t h e  nex t  series of tes ts .  As shown i n  t a b l e  V - 1 ,  the r e s u l t s  of 

two low DN t es t s  were poor and t h i s  c a n d i d a t e  d i d  n o t  q u a l i f y  f o r  

h igher  e q u i v a l e n t  DN t e s t s .  Both b a l l s  and p l a t e s  were badly worn and 

p i t t e d  and g e n e r a l l y  speaking i n  f a r  worse c o n d i t i o n  than  any specimens 
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t e s t e d  up t o  t h i s  t ime. Balls i n  both  low speed t e s t s  were reduced 

i n  diameter  by .0025 i n  t o  .012 i n .  

h igh  b u t  n o t  excess ive  and i s  shown i n  f i g u r e  V-4. 

t h e  i n s e r t  had t h e  c a p a b i l i t y  of p r o t e c t i n g  i t s e l f  even from t h e  adverse  

b a l l  s u r f a c e  but performed poor ly  as a l u b r i c a n t  f o r  t h e  b a l l - p l a t e  

c o n t a c t  area. It should be poin ted  ou t  t h a t  a f t e r  t h e  material  w a s  

procured for  t e s t i n g ,  i t  w a s  l ea rned  t h a t  i t  r e a d i l y  absorbs water 

vapor from the environmental  surroundings.  I n  a hydrogen compartment, 

t h i s  would present  no problem, bu t  t h e  p r a c t i c a l  a s p e c t s  of p r o t e c t i n g  

t h e  material i n  the  manufacture ,  assembly, and shipment of engines  would 

be severe .  The d e c i s i o n  w a s  t h e r e f o r e  made t h a t  no special  p r o t e c t i v e  

procedures  would be employed i n  t h e s e  cand ida te  t e s t s  i n  o r d e r  t h a t  t h e  

s imula t ion  would be f a i r .  Absorption of t h e  water and subsequent  

The wear r a t e  on t h e  o t h e r  hand was 

It appeared t h a t  

f r e e z i n g  of same i s  thought eo be r e s p o n s i b l e  f o r  t h e  breakage of t h e s e  

specimens. 

The next  s e r i e s  of t es t s  were conducted wi th  SP-3 r e t a i n e r  i n s e r t s .  

SP-3 i s  a r e l a t i v e l y  s t i f f  polymer (polyimide) f i l l e d  w i t h  15% by 

weight of MoS 

as shown by the r e s u l t s  of t a b l e  V - 1 ,  w a s  comparable t o  t h e  Rulon A 

s t anda rd  ma te r i a l .  On t h e  o t h e r  hand, t h e  wear ra te  w i t h  SP-3 i n s e r t s  

w a s  h igher  than experienced wi th  t h e  Rulon A i n s e r t s  ( s e e  f i g u r e  V-5). 

Again, however, t he  material appeared t o  have some promise as a candi -  

d a t e  and t h e  high speed t e s t  w a s  conducted i n  s p i t e  of t h e  h igh  wear. 

I n  t h i s  t e s t  t h e  specimen f a i l e d  due t o  ve ry  h igh  wear of r e t a i n e r  i n -  

sert  i n  4.7 hours. 

From a l i f e  s t andpo in t  t h i s  cand ida te  material ,  2'  

v- 10 
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The r e s u l t s  of t h e  nex t  series of t es t s  w i t h  Salox Z - 1  r e t a i n e r  

i n s e r t s  and AISI 440C b a l l s  and p l a t e s  were s u p r i s i n g l y  poor.  It 

2 w a s  thought  t h a t  t h e  combined l u b r i c a t i n g  c h a r a c t e r i s t i c s  of MoS 

and t h e  wear r e s i s t a n c e  of  t h e  f luorocarbon r e t a i n e r  i n s e r t  ma t r ix  

would provide  almost i d e a l  condi t ions .  

good cond i t ion  but  t h e  r e t a i n e r  wear, as shown i n  f i g u r e  V - 6 ,  was 

extremely h igh  i n  t h e  f i r s t  low DN test .  

t h e  a b o r t  system f a i l e d  t o  func t ion  p rope r ly  bu t  a r eco rd ing  of t h e  load  

arm accelerometer  showed a d r a s t i c  i n c r e a s e  i n  v i b r a t i o n  a f t e r  5.4 hours .  

Th i s  i s  thought t o  be t h e  p o i n t  where t h e  b a l l  wore completely through 

t h e  i n s e r t  and began t o  rub  d i r e c t l y  on t h e  aluminum carrier. 

t e s t  o r d i n a r i l y  would have been aborted a t  t h i s  p o i n t .  However con- 

t inuous  ope ra t ion  under t h i s  adverse cond i t ion  caused extreme damage 

t o  t h e  b a l l s  and p l a t e s .  

The b a l l s  and p l a t e s  w e r e  i n  

I n  t h e  second low DN t es t ,  

The 

The r e s u l t s  of t h e  Al-MoS r e t a i n e r  i n s e r t s  w i th  unpla ted  A I S I  2 

440C b a l l s  and p l a t e s  were poor.  

cond i t ion  a f t e r  10 hours  at t h e  low DN t es t  l e v e l  bu t  t h e  r e t a i n e r  

i n s e r t  wear w a s  h igh .  See f igu re  V - 7 .  

The b a l l s  and p l a t e s  were i n  f a i r  

The f i n a l  s e r i e s  of t es t s  i n  t h i s  program t a s k  were conducted w i t h  

Rulon A r e t a i n e r  i n s e r t s ,  A I S I  440C b a l l s ,  and AISI 440C p l a t e s  

p l a t e d  wi th  MLF-5 dry  f i l m  lub r i can t s .  

The performance of  t h i s  candida te  was e x c e l l e d  a t  both  low and 

high equ iva len t  DN va lues .  

low and comparable t o  t h e  wear observed i n  t h e  s t anda rd  t e s t s .  

I n  a l l  cases  t h e  Rulon A i n s e r t  wear w a s  

From 
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by t h e  s tandard m a t e r i a l  combination. The wear 

p l a t e s  were i n  e x c e l l e n t  c o n d i t i o n  and had a s l  

c o l o r i n g  has been a t t r i b u t e d  t o  e i t h e r  t h e  gold  

t r a c k s  

g h t  go 

i n  t h e  

o r  t h e  Rulon A which w a s  t r a n s f e r r e d  from t h e  r e t a i n e r  

t h e  b a l l .  

a l i f e  s tandpoin t ,  t h i s  cand ida te  exceeded t h e  performance demonstrated 

on t h e  t e s t  

den hue. Th i s  

MLF-5 coa t ing  

t o  t h e  p l a t e  by 

Performance of t h i s  cand ida te  i s  cons idered  s u p e r i o r  t o  t h e  s t anda rd  

material combination. 
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F i g u r e  V - 1 .  T y p i c a l  Retainer I n s e r t  Wear (Ag-MoS2 A f t e r  FE 41337 
10 Hours a t  Equivalent  DN Value of 4 x 106 mm-rpm) 
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Figure V-2. Typical Retainer Insert Wear (Ag-CaF2 FE 41333 
After 3.5 Hours at Equivalent DN of 2 x lo6 
nun- rpm) 
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F i g u r e  V-4. T y p i c a l  R e t a i n e r  I n s e r t  Wear (BN A f t e r  FE 41335 
5 .5  Hours a t  Equ iva len t  DN Value of 
2 x 106 mm-rpm) 
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F i g u r e  V-5. T y p i c a l  Retainer I n s e r t  Wear (SP-3 A f t e r  FE 41334 
10 Hours at Equiva len t  DN V a l u e  o f  2 x lo6  
mm- rpm)  
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F i g u r e  V-7. A1-MoS2 I n s e r t  Af t e r  10 Hours Operation 
at DN = 2 x 106 mm-rpm 
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SECTION V I  
CONCLUSIONS 

The r e s u l t s  of t h i s  program have shown t h a t  f o r  r o l l i n g  element 

6 bea r ings  o p e r a t i n g  i n  l i q u i d  hydrogen a t  DN va lues  up t o  4 x 10 

under Her t z  s t r e s s  l e v e l s  up t o  250,000 p s i  and s p i n / r o l l  r a t i o s  up 

t o  .30, t h e  most e f f i c i e n t  m a t e r i a l  combinations explored  i n  t h i s  i n -  

v e s t i g a t i o n  can be l i s t e d  as follows i n  o rde r  of dec reas ing  level  

of o v e r a l l  performance. 

mm-rpm 

Rank Re ta ine r  Material B a l l  Material Race Material 

1 Salox M A I S I  440C A I S I  440C 

2 Rulon A A I S I  440C AISI 440C t- MLF-5 c o a t i n g  

3 Rulon A A I S I  440C AISI 440C 

The f i r s t  two material combinations demonstrated l i v e s  i n  excess  

of 10  hours  and extremely low r e t a i n e r  w e a r  rates whi l e  o p e r a t i n g  

under a l l  t e s t  c o n d i t i o n s .  The t h i r d  combination, which w a s  used as 

t h e  s t anda rd  i n  t h i s  experimental  program, demonstrated a l i f e  i n  ex- 

cess of 10 hours  a t  a DN va lue  of 2 x 10  mm-rpm and approximately 

6 f i v e  hours  a t  DN va lue  of 4 x 10 nun-rpm. The wear ra te  i n  both  

cases w a s  low. 

6 

Since  a l l  of t h e  above m a t e r i a l  combinations u t i l i z e  r e t a i n e r s  made 

of a composite con ta in ing  p o l y t e t r a f l u r o e t h y l e n e ,  none can be con- 

s i d e r e d  s a t i s f a c t o r y  f o r  app l i ca t ions  where n u c l e a r  environments exceed 

LO5 e r g s  p e r  gram ( c ) .  

beyond which t h e  o rgan ic  compound loses i t s  s t r e n g t h .  

This  i s  gene ra l ly  accepted  a s  t h e  c r i t i c a l  dosage 
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A l l  candida te  material combinations t h a t  a r e  compatible  wi th  h o t t e r  

nuc lea r  environmental  f a i l e d  t o  m e e t  t h e  performance requirements  

e s t a b l i s h e d  by the  s t anda rd  m a t e r i a l s .  However, two of t h e s e  com- 

2 b i n a t i o n s  (one using SP-3 r e t a i n e r  i n s e r t s  and t h e  o t h e r  u s ing  Ag-MoS 

r e t a i n e r  i n s e r t s )  d id  show s u f f i c i e n t  promise t o  warran t  f u r t h e r  i n -  

v e s t i g a t i o n .  

For  in s t ance ,  t h e  m a t e r i a l  combination us ing  SP-3 r e t a i n e r s  de- 

6 
monstrated exce l l en t  l i f e  a t  a DN va lue  of 2 x 10 mm-rpm and ap- 

proximately f i v e  hours a t  a DN va lue  of 4 x 10 mm-rpm. But t h e  wear 6 

i n  a l l  in s t ances  was h igh ,  e s p e c i a l l y  i n  t h e  h igher  speed tests.  The 

h igh  wear i s  thought t o  be a r e s u l t  of  t h e  r e l a t i v e l y  low thermal  con- 

d u c t i v i t y  of t h e  polyimide mat r ix .  The r e t a i n e r  m a t e r i a l  could not  

r i d  i t s e l f  of t h e  hea t  genera ted  by t h e  r o t a t i n g  b a l l  and h igh  wear 

r e s u l t e d .  It would appear t h a t  a d d i t i o n  of materials such as s i lver  

o r  copper i n  t h e  SP-3 composite might e l i m i n a t e  o r  a t  l eas t  a l l e v i a t e  

t h i s  problem, The c r i t i c a l  nuc lea r  r a d i a t i o n  dosage of t h i s  m a t e r i a l  i s  

r epor t ed  t o  be 7 x LO7 e r g s  per  gram (c) .  

Another ma te r i a l  combination us ing  Ag-MoS r e t a i n e r  and AIS1 440C 2 

b a l l s  and races  demonstrated l i v e s  i n  excess  of 10 hours  at  both  DN 

l e v e l s  of  2 x 10 and 4 x 10 mm-rpm. But t h e  r e t a i n e r  wear w a s  very  

h igh .  Th i s  combination would have no t r o u b l e  i n  nuc lea r  environments up 

t o  e r g s  p e r  gram (c) and f o r  t h i s  reason  any e f f o r t  t o  so lve  t h e  h igh  wear 

6 6 

problem would seem worthwhile .  It does n o t  have t h e  thermal  con- 

d u c t i v i t y  d i f f i c u l t i e s  of t h e  SP-3 cand ida te s ,  and t h e  h igh  wear i s  

thought  t o  be a r e s u l t  of i t s  low hardness  and moderate modulus of 

e l a s t i c i t y .  Various materials could  be used t o  improve t h e s e  p r o p e r t i e s  

and consequently i t s  wear r e s i s t a n c e  wi thout  g r e a t l y  harming i t s  e x c e l l e n t  

l u b r i c a t i n g  c h a r a c t e r i s t i c s .  
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As a t h i r d  conclus ion ,  i t  can be s t a t e d  t h a t  under t h e  l e v e l s  of  

combined r o l l i n g  and s l i p  used i n  t h i s  program, boran n i t r i d e  and 

calcium f l u o r i d e  cannot  be considered as l u b r i c a n t s  i n  a l i q u i d  hy- 

drogen environment.  Various degrees of b a l l  wear occurred  i n  each of 

t h e  tes ts  conducted wi th  candida tes  us ing  r e t a i n e r s  con ta in ing  t h e s e  

materials.  
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